The activity of pea (Pisum sativum L.) Cu/Zn and Mn superoxide dismutase isoforms was evaluated across a range of temperatures from 10 to 45°C. Maximal activity of the Cu/Zn and Mn superoxide dismutase isoforms was observed at 10°C. Both cytoplasmic and chloroplast Cu/Zn superoxide dismutases exhibit a reduction in staining intensity with increasing temperatures. Mn superoxide dismutase, however, maintained a relatively constant staining intensity across the range of temperatures evaluated. An unrelated enzyme used as a control, malate dehydrogenase, exhibited the expected increase in staining activity with increasing temperatures. These results describe a unique response of a protection enzyme to temperature.
Plant Material
Pea (Pisum sativum L. var Progress No. 9) seeds were planted into flats containing vermiculite and placed in a greenhouse. The flats were watered twice daily with an automatic misting system. Seedlings were grown for 12 to 14 d before enzyme analysis.
SOD Activity Gels

SODs1
(superoxide:superoxide oxidoreductase; EC 1.15.1.1) protect cells and tissues from the damaging effects of oxidative stress by removing O2 -before it reacts with cellular H202 to form highly reactive hydroxyl radicals (. OH) (1, 6, 8, 10, 13, 15) . Hydroxyl radicals are among the most reactive species known. They are thought to be largely responsible for mediating oxygen toxicity in vivo by reacting with nearly all cellular constituents (4, 7, 9) . H202 generated through the action of SOD is removed by catalases and peroxidases. Three SOD isoforms that are present in pea leaves include a Mn SOD in the mitochondria, and two Cu/ Zn SODs (16) . Cu/Zn SOD I is found in the cytosol, whereas Cu/Zn SOD II is located in the chloroplast (5) . Recent reports have suggested that the levels of these three isoforms may be differentially adjusted in response to various stresses, as indicated by changing transcript abundance levels (17) , and that these changes may be indicative of stress resistance levels. Because of the purported role of SOD in protecting against oxidative damage during stress, the impact of temperatures common to stressful environments on SOD activity should be characterized. The present study identifies a differential temperature sensitivity of pea SOD isoforms across a range of physiological temperatures and shows that maximal activity of all three pea SOD isoforms occurs at 100C.
'Abbreviations: SOD, superoxide dismutase; MDH, malate dehydrogenase.
Pea leaves were harvested and ground in a homogenization buffer containing 96 mi Tris-HCl, pH 6.8, and 13.6% v/v glycerol. The homogenate was centrifuged at 14,000 rpm for 5 min in an Eppendorf microcentrifuge to remove particulate matter. In initial studies, protein concentrations, ranging from 20 to 250 ,tg, determined colorimetrically as described by Bradford (2) with BSA as a standard, were loaded onto a 5% polyacrylamide stacking gel over a 13% separating gel. Bromophenol blue was added to the sample and electrophoresis was performed at 215 V for 40 min at 40C. Following electrophoresis, the gels were stained for SOD activity by incubation in either a positive or negative staining reaction mixture. The positive staining of SOD activity was achieved, as described by Misra and Fridovich (14) , by incubation in a mixture containing 10 mm potassium phosphate buffer, pH 7.5, 0.1 mm riboflavin, and 2 mm dianisidine. Negative staining of SOD activity was accomplished by incubation of the gels in a solution containing 50 mm potassium phosphate buffer, pH 7.5, 0.1 mm EDTA, 0.2% v/v N,N,N',N'-tetramethylethylene, 3 mm riboflavin, and 0.25 mm nitroblue tetrazolium. In both cases, incubation took place in the dark for 30 min at room temperature with agitation. Following incubation, the gels were rinsed with and placed in deionized water and exposed to light under a 400-W high-pressure sodium lamp 60 cm above the gel, generating light levels of 300 ;tE m-2 s-1 for 5 to 10 min at 250C. Gels used in the temperature studies were sliced into strips 1 cm wide before dark incubation in the reaction mixture. Following incubation, the gel slices were rinsed with deionized water and place onto moistened 3 mm filter paper positioned on 5 x 6.5 cm temperature blocks in the dark and covered with Glad Wrap2. Eight blocks were used to give temperatures ranging from 10 to 450C in 50C increments. Gel slices were allowed to reach the set temperature by a 5-min dark incubation period prior to the light exposure, and temperatures of the gel slices were monitored with thermocouples placed below and on the upper surface of the slices. The temperatures of the gel slices were within ±0.50C of the set temperatures during the light treatment. All blocks were illuminated at the same time and with the same light intensity. The length of the light exposure used for the positive SOD staining was twice that of the negative SOD staining to obtain adequate intensities.
Analysis of MDH Staining in Activity Gels
The temperature response of MDH activity was determined for the same pea leaf extracts used in the SOD analyses. MDH activity gels were stained according to the procedure of Brown et al. (3) . Following electrophoresis, gel slices were placed on moistened 3 mm filter paper situated on the temperature blocks and covered with plastic wrap to prevent dehydration. Gel slices were preincubated for 5 min on the blocks prior to the addition of the stain reaction mixture: 100 mm Tris-HCl, pH 7.5, 30 mM DL-malate, 0.5 mm NAD, 0.5 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, and 0.13 mm phenazine methosulfate. The reaction mixture achieved the set temperatures within 15 s of addition. MDH staining was performed in the dark across a temperature range of 10 to 450C in 5oC increments.
Quantification of Negatively Stained SOD Activity Gels
Activity staining patterns of the negatively stained SOD gels were analyzed using a Bio Image Visage 2000 (Bio Image Products, Milligen/Biosearch Division of Millipore, Ann Arbor, MI) computer-aided image analysis system. Images of 10 x 13 cm Polaroid PN55 negatives of the activity gels were scanned and captured, and individual staining patterns were quantified using a comparative log software program. The results of the SOD activity gels are reported as total integrated intensity in each band.
RESULTS
Protein Concentration Effects on Staining Intensity in SOD Activity Gels Figure 1 shows the effect of protein concentration on the staining intensity of the three SOD isoforms in pea leaves. Qualitative changes in staining intensity are obvious in both the negatively and positively stained activity gels. Similar changes in staining intensities associated with changes in protein concentration were seen for both the positively and negatively stained activity gels. Quantitative changes in the integrated intensity of the isoforms exhibit a linear increase in intensity of all three isoforms from 20 to 200 ,g of protein.
2 Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture, and does not imply its approval to the exclusion of other products that may also be suitable. Protein levels above 200 ,ug, however, resulted in an apparent saturation of the staining reaction for the chloroplast Cu/Zn SOD. To ensure nonsaturating staining intensities in the activity gels used for the temperature response experiments, a protein concentration of 100 gg protein/well was chosen.
Temperature Effects on the Staining Intensities of SOD Activity Gels
The effect of temperature on the staining intensity of the three SOD isoforms of pea leaves is shown in Figure 2 . The highest activity levels of all three isoforms were seen at 100C. Figure 3 . The MDH staining intensity in the gel slices increased with in-[ 2 creasing temperatures. Staining intensities roughly doubled with each 100C increase in temperature from 10 to 450C.
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The apparent doubling of activity with each 100C change in incubation temperature is a common feature of most enzymic reactions. The temperature response of the MDH activity staining (Fig. 3) is distinct from the pattern of staining of the SOD isoforms (Fig. 2) in that MDH activity increased with increasing temperature, whereas the MnSOD activity remained constant and the two Cu/ZnSODs showed a decline in activity with increasing temperature. gels. This permitted the analysis of the temperature response for each of the isoforms, rather than a composite analysis that would be derived from a spectrophotometric assay of leaf extracts. However, to achieve this type of analysis, it was essential that the capacity of the SOD activity staining procedures for polyacrylamide gels be determined. during staining failed to alter the staining pattern of the Cu/ Zn SODs. Although we cannot completely rule out a possible feedback inhibition by H202 during staining, the controls and treatments used in the analysis demonstrate that any possible build up of this inhibitor has a negligible effect on the analysis and plays no role in determining the levels of activity associated with particular temperature treatments.
In a study of chilling stress and oxygen-metabolizing enzymes in Zea mays and Zea diploperennis (12) , the activities of five active-oxygen scavenging enzymes were compared for cold lability. The activities of glutathione reductase, dehydroascorbate reductase, and monodehydroascorbate reductase expressed on a leaf area basis exhibited significant reductions in activity when assayed at 50C compared to 190C. SOD activity was not significantly reduced at the cold assay temperature, whereas dehydroascorbate reductase activity was reduced by 96% in Z. diploperennis and 100% in Z. mays at 50C. The absence of an inhibitory effect of cold temperature on SOD is supported by the results of the present study.
Comparison of the staining intensities at 100C with those at 200C (Fig. 2) show that activity of the Cu/Zn SODs increased with decreasing temperatures, and the activity of the Mn SOD remained constant across these temperatures. That the former study did not observe an increase in activity at lower temperatures can be attributed to the assay methods used to identify SOD activity. Spectrophotometric determination of SOD activity is accomplished via a coupled assay system in which xanthine oxidase is used to generate the superoxide in the assay mixture. Because of the requirement for the xanthine oxidase to produce the required substrate for the reaction, temperature effects on the xanthine oxidase altering the supply of superoxide would mask the observed increases in SOD activities seen in the activity gels at lower temperatures.
In conclusion, the present study describes the differential temperature responses of Mn and Cu/Zn SODs in pea leaves.
The Mn SOD exhibited a relatively constant activity across a broad range of temperatures, including those that are considered to be stressful. The cytoplasmic and chloroplast Cu/Zn SODs are most active at 100C, and activity declines with increasing temperatures. These findings are important not only because they advance our understanding of the temperature characteristics of protection enzymes, but also because they help to provide direction for improving superoxide scavenging via molecular biotechnologies.
